In 26 patients a direct comparison was made of systolic time intervals derived from the right and left external carotid pulse tracing and from the central aortic pressure, simultaneously recorded by means of a catheter-tip micromanometer. In addition, the delay time (required for pulse wave transmission to the neck) of the upstroke (DUEC) and incisura (DIEC) of the external carotid pulse tracing was studied. The influence of changes in heart rate on these intervals was evaluated by right atrial pacing.
SUMMARY
In 26 patients a direct comparison was made of systolic time intervals derived from the right and left external carotid pulse tracing and from the central aortic pressure, simultaneously recorded by means of a catheter-tip micromanometer. In addition, the delay time (required for pulse wave transmission to the neck) of the upstroke (DUEC) and incisura (DIEC) of the external carotid pulse tracing was studied. The influence of changes in heart rate on these intervals was evaluated by right atrial pacing.
At resting frequencies DUEC exceeded DIEC by 4 to 4.5 msec (P < 0.005). Increasing heart rate did not influence DUEC but prolonged DIEC. Differences between DUEC and DIEC were associated with a decrease and reversal with increasing heart rate (r = 0.52, on the right carotid pulse; r = 0.65, on the left pulse).
Internally and externally measured left ventricular ejection time and pre-ejection period were strongly correlated. Significant differences in absolute values were also observed. Whether these differences were positive or negative was dependent on heart rate. At rest external left ventricular ejection time was 4 to 4.5 msec (P < 0.005) shorter, external pre-ejection period 5.5 to 6 msec (P < 0.005) longer than corresponding intervals measured internally. At heart rates above i 100 beats/min the relationships were reversed.
No significant differences could be demonstrated between these intervals measured on the right and left external carotid pulse.
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Left ventricular ejection time Pulse wave velocity Mechanocardiography Transmission time of the pulse wave Pre-ejection period T HE USEFULNESS of externally measured left ventricular systolic time intervals for the study of the performance of the left ventricle has been reported extensively. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] However, the relationship between time intervals derived from the external carotid pulse tracing and the central aortic pressure curve has been analyzed in only a few studies. " ' 11 -17 The small number of patients, 1, 15, 17 the use of fluid-filled catheter systems with external pressure transducers," 14, 16 and in some studies the failure to adjust the registers of each curve for simultaneous recordings'4' 16 limit the usefulness of these studies.
In the present report, a comparison was made between left ventricular systolic time intervals obtained from the right and left carotid pulse tracing and from the central aortic pressure curve, simultaneously recorded by a catheter-tip micromanometer, in 26 patients. The influence of changes in heart rate was evaluated by right atrial pacing. In addition, the transmission time of the upstroke and incisura of the aortic pressure wave to the right and left carotid artery was investigated.
Material and Methods
Twenty-six patients, one female and 25 males, with a mean age of 51 ± 13 years, were selected for the study. Informed consent for the study was obtained from all patients. Atheroselerotic heart disease was present in 16, aortic or mitral valve lesions in five, cardiomyopathy in two, and a congenital ventricular septal defect in one patient. In two patients no cardiac anomalies were found. All patients had regular sinus rhythm.
Procedures
After completion of a diagnostic catheterization and at least 15 min after the last angiographic procedure, a catheter-tip micromanometer* was introduced via a right brachial arteriotomy and positioned in the ascending aorta *Telco, Paris.
Circulation, Volume 51, February 1975 just above the level of the aortic valve in all patients. In 17 of the 26 patients right atrial pacing was performed by means of a bipolar catheter electrode, introduced via an antecubital vein and connected to an external pacemaker (General Electric standby pacemaker). In five patients the tip of the micromanometer was also introduced into the right carotid artery.
In all patients, both the right and the left external carotid pulse tracings were recorded by means of a capsule of Marey connected by an air-filled plastic tube with a length of 25 cm and an internal diameter of 0.35 cm to a piezo-electric transducer.* Since a time constant of 2.5 sec was used, phase shifts were small and not measurable at a paper speed of 250 mm/sec. 18 In patients in whom atrial pacing was performed, both the right and the left external carotid pulse tracings were recorded before and at each pacing rate. Pacing was started at a rate ± 10 beats/min faster than the individual resting heart rate and increased every 2 min by 20 beats/min until atrioventricular dissociation occurred.
Recordings were made at the end of every 2 min period. In five patients the external carotid pulse tracing was recorded exactly at the level of the tip of the micromanometer, introduced into the right carotid artery up to 1 or 2 cm below its bifurcation.
The electrocardiogram, the internal phonocardiogram obtained by appropriate high-pass filtering from the micromanometer, the external carotid pulse tracing, and the central aortic pressure curve were simultaneously recorded on an ink-jet direct writing Elema 81 recorder at a paper speed of 250 mm/sec. An external phonocardiogram was not recorded since the incisura of the high-fidelity central aortic pressure curve coincides with the onset of the highfrequency vibrations of both the internally and externally recorded second heart sound."' 15, 19 The electrocardiographic lead had to demonstrate clearly the onset of ventricular depolarization. Lead II, V4, or V5 was usually taken. Before and after each experiment the simultaneity of the channels of the ink-jet recorder was controlled at a paper speed of 250 and 500 mm/sec, and differences, whenever found, were taken into account.
Measurements
The following phases of the cardiac cycle were calculated: 1) the interval between the onset of the upstroke of the central aortic pressure curve and of the external carotid pulse tracing, the delay time of the upstroke of the external carotid pulse (DUEC), 2) the interval between the trough of the incisura of the central aortic pressure curve and of the external carotid pulse tracing, the delay time of the incisura of the external carotid pulse (DIEC), 3) the external left ventricular ejection time (ELVET), measured from the onset of the rapid upstroke to the trough of the incisura of the external carotid pulse tracing, 4) the internal left ventricular ejection time (ILVET), measured in a similar way on the central aortic pressure curve, 5) the interval from the beginning of the QRS complex of the electrocardiogram to the onset of the rapid upstroke of the central aortic pressure curve, representing " true'-' or "internal' pre-ejection period (IPEP), 6) the interval from the beginning of the QRS complex to the first high-frequency vibrations of the aortic component of the second heart sound (Q-A2), 7) Q-A2 minus ELVET, representing "--external"--pre-ejection period (EPEP), 8) the heart rate. All intervals were measured to the nearest 2 msec and the mean value of five consecutive beats was taken.
At a paper speed of 250 mm/sec, the trough of the incisura of the external carotid pulse tracing and of the central aortic pressure curve remained clearly delineated. Determination of the exact beginning of the upstroke was more difficult. For this reason the onset of the upstroke was determined first by simple inspection and on a second separate reading by extending the systolic rising limb and the diastolic descending limb of the preceding complex ( fig. 1 ). The intersection of these limbs was considered as the beginning of the upstroke. All calculations were performed using both techniques. No essential differences were observed and only the results obtained with the second technique will be presented.
Correlation coefficients were derived for delays determined by different recordings and paired t-tests were performed to compare the differences in delay times derived separately.
Results

Delay Time of the External Carotid Pulse (DIEC and DUEC)
At resting heart rate, the mean delay time of the upstroke and incisura of the right and left external carotid pulse tracing varied between 29 and 36 msec. DUEC of each carotid pulse exceeded DIEC by 4 to 4.5 msec (table 1) . The upstroke and incisura of the right carotid tracing occurred 2.9 and 2.6 msec later, respectively, than on the left side. Strong linear correlations were present between DUEC and DIEC of each carotid pulse. DUECs of the right and left carotid tracing were also strongly correlated. The same was true for DIEC of both tracings.
A comparison of the delay times at different heart rates, observed at rest and during atrial pacing, showed a slight association with a progressive increase of DIEC at faster heart rates (r = 0.26 for the right; r = 0.30 for the left carotid pulse) while DUEC was not affected significantly ( fig. 2) A close correlation was found between the changes in left ventricular systolic time intervals derived from the aortic pressure and carotid tracing observed at higher heart rates during atrial pacing (figs. 4, 5) .
The difference between the left ventricular ejection time derived from internal and external tracings diminished and reversed at higher heart rates. Analogous observations were made for the difference between external and internal pre-ejection period (table 3) . These findings resulted in a different slope of ...
-------2 ---1~~~~* . HEART RATE (beats/min) Figure 6 Linear regression lines relating ELVET and EPEP, derived from the right carotid pulse, and ILVET and IPEP, derivedfrom the central aortic pressure, with heart rate. X = heart rate; Y = ELVET, ILVET, EPEP, or IPEP.
Since the nadir of the incisura of the central aortic tracing coincides with the onset of the high-frequency vibrations of the second heart sound," 15, 19 this delay is equal to the interval between the second heart sound and the incisura of an external carotid pulse tracing. This interval as reported in the literature varies from 10 to 50 msec.20 A mean value of 30.0 msec (SD, 9.0) was found by Willems2' in 1407 subjects. At resting heart rates, the delay time of the upstroke of the external carotid tracing exceeded the delay time of the incisura by 4 to 4.5 msec. Increasing heart rate by atrial pacing did not influence the delay time of the upstroke but prolonged the delay time of the incisura.
In spite of individual variation, above a mean heart rate of approximately 100 beats/min the incisura of the external carotid was significantly more retarded than its upstroke.
Simultaneous recording of the intra-carotid pressure curve and of the external carotid tracing, recorded just above the tip of the micromanometer, revealed a perfect coincidence of the upstroke and incisura of both tracings. This suggests strongly that methodological errors in the determination of the transmission times of upstroke and incisura of the central pulse wave to the carotid artery were not responsible for the differential influence of heart rate. On the other hand, the upstroke and incisura of the central aortic pressure tracing were clearly distinguishable at all heart rates and errors in the exact timing of these events are unlikely.
It has been reported that the "foot-to-foot" pulse wave velocity between the femoral and dorsalis pedis artery is independent of heart rate.22 Our data also show that, within the range of heart rates studied, atrial pacing does not influence the velocity of propagation of the upstroke of the central aortic pressure to the carotid arteries. These observations are probably related to the fact that the "foot-to-foot" velocity approximates the velocity of the higher frequency components of the pulse wave. The apparent phase velocity of harmonics with a frequency greater than 3 cycles/sec is, at least when measured over a short distance in the aorta, independent of frequency. 23 McDonald24 reported that the regional pulse wave velocity in the arterial tree of anesthetized dogs, when measured over a distance of 5 cm, was identical for the upstroke and incisura. No clear explanation can be given as to why the velocity of propagation of the incisura was faster at low and slower at higher heart rates than the velocity of transmission of the upstroke. Differences in damping, dispersion, and reflection of the different components of the pulse wave at increasing heart rates may play a role. It has been shown by Shaver et al.25 that a decrease in impedance of the arterial tree retards the reflected wave closing the aortic valve. It is possible that under these circumstances a slower propagation of the incisura of the pulse wave Analysis of table 2 of Martin et al.1' reveals an inverse association between heart rate and the difference between ILVET, measured by a cathetertip manometer, and ELVET (ILVET minus ELVET in msec equals 5.79 -0.08 heart rate in beats/min, r = 0.598). From the linear relationship between ILVET and ELVET presented by these authors, it is also clear that ILVET exceeds ELVET at low heart rates but is shorter at higher rates. The differences in slope of the linear relationship between heart rate and ELVET reported by different authors26 27 also suggest that ELVET is relatively longer at higher than at low rates. Indeed, the reported slopes are steeper when the mean heart rate of the total group of persons studied is lower. The fact that ELVET, observed during attacks of supraventricular tachycardia, is greater than the values from the normal linear regression equation points equally in the same direction. 27 The left ventricular pre-ejection period at resting heart rates was slightly longer when measured on the external carotid than on the central aortic pressure tracing. At higher pacing rates EPEP became longer than IPEP. It is clear that the observed differences between externally and internally derived left ventricular systolic time intervals are related to the transmission time of the upstroke and incisura of the central aortic pressure wave to both carotid arteries. As discussed above, the velocity of propagation of the upstroke at resting heart rates is slower than that of the incisura. With atrial pacing at higher rates, the propagation of the upstroke remains constant but that of the incisura becomes slower.
Although the observed differences were small and may be negligible in day-to-day clinical use of systolic time intervals, they could be important when repeated and accurate measurements are needed at widely different heart rates. At the present time the effect of left ventricular hemodynamics and the physical properties of the arterial tree on these differences are unknown and further investigations are necessary before practical applications can be clearly defined.
Our data revealed an excellent correlation between left ventricular ejection time and pre-ejection period measured on the right and left external carotid tracing. The mean values of ELVET at rest were almost identical. Although mean EPEP at rest was slightly longer on the right carotid tracing, the difference was not significant. This suggests that external pulse tracings recorded from the right and left carotid artery are equally useful for the study of the left ventricular systolic time intervals. For repeated recordings in the same patient, however, it might be preferable to use the same artery for recording when small differences have to be studied.
